We determined the Y-chromosomal composition of the population of the Azores Islands (Portugal), by analyzing 20 binary polymorphisms located in the non-recombining portion of the Y-chromosome (NRY), in 185 unrelated individuals from the three groups of islands forming the Archipelago (Eastern, Central and Western). Similar to that described for other Portuguese samples, the most frequent haplogroups were R1(xR1b3f) (55.1%), E(xE3a) (13%) and J (8.6%). Principal components analysis revealed a Western European profile for the Azorean population. No significant differences between Azores and mainland Portugal were observed. However, the haplogroup distribution across the three groups of islands was not similar (P < 0.003). The Western group presented differences in the frequencies of haplogroups R1, E(xE3a) and I1b2 (27.3%, 22.7% and 13.6%, respectively) when compared to the other two groups. An assessment of the NRY variability, and its comparison with mitochondrial DNA (mtDNA) variability, was further evidence of the differential composition of males during the settlement of the three groups of islands, contrary to what has been previously deduced for the female settlers using mtDNA data.
Introduction
The Azores Islands (Portugal) are located in the Atlantic Ocean, 1500 km from the European Mainland. Nine islands, clustered in 3 geographical groups (Eastern, Central and Western) form this Archipelago (Figure 1 ). The Azores have an area of 2 344 Km 2 and a total population of 237 315 inhabitants, distributed in a very asymmetric way (134 885 inhabitants in the Eastern group, 98 101 in the Central, and only 4 329 inhabitants in the Western group) (INE, 2001) .The Islands were discovered, unin- documents, however, are not sufficient to provide accurate information concerning the demographics of settlement, and do not report how these distinct contributions were distributed among the 3 groups of islands. Genetic characterization of the Azorean population should allow the reconstruction of a more comprehensive picture of these processes. Studies using autosomal short tandem repeats (STR) markers have shown that the Azores fit well into the pattern of variation described for other European populations. However, signs of genetic affinities with non-Europeans, namely North Africans, have been described (Silva et al. in press) . Phylogeographic analysis of mitochondrial DNA (mtDNA) from the Azorean population showed a major contribution from mainland Portugal, as well as evidence of influxes from Northern Europeans, Africans, and Jewish groups (Santos et al. 2003) . To further assess the genetic diversity of the Azorean populations, with the aim of understanding the demographic history of the Azores, studies of markers from the non-recombining region of the Y-chromosome (NRY) have been undertaken (this study; Pacheco et al. 2004 ). Here we report on the frequency of Y-chromosome haplogroups found in Azorean populations. An assessment of the relative diversity and phylogeographic context of the Azorean Y-chromosome pool has also been performed.
Materials and Methods
One hundred and eighty five unrelated individuals born in the Azores and of Azorean ancestry were sampled by buccal swabs. Sample location was defined using the island of origin of the earliest known paternal ancestor (corresponding at least to the paternal grandfather's birthplace). Twenty-two individuals were from the Western island group, 76 from the Central group and 87 from the Eastern group. Voluntary donors were asked for informed consent and to fill in a genealogical questionnaire concerning the birthplaces of all their known ancestors.
The polymorphic sites in our study included a set of 20 previously published binary NRY markers (Table 1 and Figure 2 ). For some of these markers we designed new primers to amplify shorter fragments. Markers M2, M9, M20, M26, M40 (SRY 4064 ), M52, M60, M74, M94, M167 (SRY-2627), M173, M174, M175, Table 1 NRY markers, primers and restriction enzymes used in the present study M170 and M201 were resolved by sequencing, 12f2a was typed according to Rosser et al. (2000) , and YAP according to Hammer and Horai (1995) .
c Size of restriction fragments in base pairs (bp).
d
The derived state presents a 5bp deletion.
e When typing marker 12f2a, M94 was coamplified as a control.
f Primers and conditions provided by Tyler-Smith will be published elsewhere.
Figure 2 Phylogenetic tree of binary Y-chromosomal haplogroups as defined by the markers typed in this study. Italicized markers were not typed, but their allelic states in the chromosomes analyzed can be deduced from the YCC2003 phylogenetic tree (Jobling & Tyler-Smith, 2003 ).
M207 and M213 were typed by PCR followed by digestion with restriction enzymes. Markers M170 and M201 were resolved by sequencing. Marker 12f2 (Casanova et al. 1985) was typed according to Rosser et al. (2000) , using a new designed reverse primer. Primers and conditions for PCR typing the LLY22g marker (Zerjal et al. 1997) were kindly provided by C. Tyler-Smith and will be published elsewhere. The Y Alu-insertion polymorphism (YAP) at DYS287 was typed as described by Hammer & Horai (1995) . We followed a hierarchical typing, starting with the M9 marker. Samples with the ancestral state for this marker were then typed for M213. Subsequent ancestral state samples were typed for YAP and M94, successively. Additional genotyping of samples carrying the derived alleles for each of these markers was restricted to markers on the 
SRY 4064 (M2-) 24 (13) 5 (22.7) 7 (9.2) 12 (13.8) appropriate branch of the YCC haplogroup tree (Jobling & Tyler-Smith, 2003) . The YCC updated phylogeny (YCC2003; Jobling & Tyler-Smith, 2003) was followed to name the haplogroups. Differences in proportions of haplogroups were assessed by the Fisher exact test. An exact test of population differentiation (Raymond & Rousset, 1995) was used to compare the haplogroup distribution between populations. ANOVA and t-tests were used to compare Nei's genetic diversities. Table 2 shows the distribution of Y chromosome haplogroups in the Azores Islands. Chromosomes belonging to haplogroup R1(xR1b3f) were the most frequent (55.1%). Haplogroup R1, by far the most frequent in European populations (Semino et al. 2000) , embraces several subgroups showing different phylogeographies. Hurles et al. (1999) proposed that subgroup R1b3f, defined by the marker M167 (SRY-2627), arose in Iberia, and nowadays reaches high frequencies only in Basques and Catalans. In the Azores, R1b3f chromosomes were found at a low frequency (with a minimum of 2.2%), in agreement with previous results for other Portuguese and Spanish samples (Rosser et al. 2000) . Haplogroup E(xE3a) was the second most frequent in the Azores, and was represented by 13% of the chromosomes analyzed. This proportion is statistically similar to those reported for North (10.7%; Rosser et al. 2000 and 11.9%; Carvalho-Silva et al. 2001) and South Portugal (17.5%; Rosser et al. 2000 and 24.5%; Pereira et al. 2000a) . The high frequency of this marker in South Portugal has been considered as evidence of a genetic influx from North Africa (Pereira et al. 2000a) . Further analysis of E(xE3a) chromosomes in the Azores, Mainland Portugal, and North and Sub-Saharan Africa would be relevant, to assess to what extent these chromosomes were introduced into the Azores by Portuguese settlers or were directly brought by Moorish and/or sub-Saharan slaves. Haplogroup I1b2 (M26), which reaches at least 4.3% in the Azorean population, has been found in Sardinia at a high frequency (34.6% to 48.7%) (Semino et al. 2000; Francalacci et al. 2003; Zei et al. 2003) and also in Basques (4.4% to 9%) (Semino et al. 2000; Bosch et al. 2001 ). This haplogroup is rarely found in other Western European populations (Semino et al. 2000) . Unfortunately, the marker defining this group has not been tested in Mainland Portugal, and therefore it is difficult to discuss whether the I1b2 chromosomes found in the Azores came with Portuguese settlers or, alternatively, represent signs of a direct Italian (Sardinian) or Basque influx. The frequency of Haplogroup J (12f2a) found in our sample (8.6%) is statistically similar to that found in North (6.4%; Rosser et al. 2000 and 6.5%; CarvalhoSilva et al. 2001) and South Portugal (8.7%; Rosser et al. 2000) . This haplogroup is frequent in the Middle East (Rosser et al. 2000; Semino et al. 2000) and in several Jewish groups (Hammer et al. 2000; Nebel et al. 2001) , reaching its highest frequency among Cohanim Jews (both Ashkenazim and Sephardim) (Behar et al. 2003) .
Results and Discussion
Other haplogroups represented in the Azores Islands are G (3.2%) and L (1.1%). Haplogroup G (M201) is increasingly distributed from Western to Eastern Europe (Semino et al. 2000) , and haplogroup L (M20) has been found in India (Jobling & Tyler-Smith, 2003) . As both G and L have not been resolved for other Portuguese samples, their presence in the Azores need to be further investigated.
When comparing the global Y chromosome haplogroup distribution of the Azores with that of samples from Mainland Portugal (Rosser et al. 2000) no significant differences were found (exact test of population differentiation; P = 0.895 for South and P = 0.753 for North Portugal). Furthermore, Principal Components (PC) analysis showed that the Azorean population is a typical Western European population (Figure 3) .
When comparing the three groups of islands, important differences were detected, particularly concerning the Western group, which proved to be the most differentiated in the PC analysis (Figure 3) . In fact, haplogroup frequencies across the three groups of islands are statistically different (exact test of population differentiation; P < 0.003), likely due to differences in the frequency of: (i) haplogroups E(xE3a), G, and I1b2, that are more frequent in the Western group; (ii) haplogroup J, that is more frequent in the Central group, and (iii) haplogroup R1 that shows a noticeable decrease in frequency from the Eastern to the Western group (Table 2) . The Western group was the most differentiated, showing differences from both the Central (exact test of population differentiation; P = 0.025) and Eastern (exact test of population differentiation; P = 0.008) groups. Differences between Central and Eastern groups were not significant (exact test of population differentiation; P = 0.063). Of particular interest are the differences in E(xE3a) proportions since, as mentioned before, this haplogroup may contain sub-Saharan haplotypes. The presence of African slaves has been well documented for several Azorean islands, namely for the two islands that constitute the Western group (Flores and Corvo) (Gomes, 1997; Lima, unpublished data) , in which we found the frequency of E(xE3a) chromosomes (22.7%) to be higher when compared to the Central (9.2%) or the Eastern (13.7%) groups. This result becomes more relevant if we consider that mtDNA data did not show evidence of sub-Saharan African influences in the Western group (Santos et al. 2003) , as might be expected. Biodemographic analysis showed that the number of male and female slaves that came to these groups of islands was similar (Lima, unpublished data). Genetic drift, invoked as the force responsible for the atypical mtDNA haplogroup distribution observed in the Western group (Santos et al. 2003) , could also be responsible for the loss of sub-Saharan mitochondrial lineages, disregarding differences in the female composition at the time of settlement. In fact, the Western group has the lowest number of inhabitants and therefore should be the most sensitive to drift. Meanwhile, the high frequency of E(xE3a) chromosomes, and the low frequency of chromosomes belonging to the European R1 haplogroup, seem to indicate that the male composition at settlement may have been different for the Western group of islands.
To further investigate the differences found amongst groups of islands we compared the Y-chromosome diversity relative to the respective mtDNA diversity. This comparison is useful to detect differences in the fitness or Rosser et al. (2000) . migration rate of males and females (Seielstad et al. 1998; Oota et al. 2001) . Table 3 shows the Nei's diversity values of NRY and mtDNA obtained for the three groups of islands. An increase in NRY diversity from East to West is observed, resulting in the highest value for the Western group. Statistical analysis showed that the NRY genetic diversity between the groups of islands is significantly different (ANOVA, F = 4.156; P = 0.0173). Furthermore, the diversity observed in the Western group is significantly different to that observed in the Central (t-test; t = 2.811; P = 0.0063) or in the Eastern (ttest; t = 4.381; P < 0.0001) groups. Meanwhile, the diversity values between the Central and Eastern groups are not statistically different (t-test; t = 1.498; P = 0.1363). Reanalysis of mtDNA data reported previously (Santos et al. 2003) showed that the mitochondrial DNA diversity is not statistically different (ANOVA; F = 0.7847; P = 0.4582) among the three groups of islands. Differences in Y-chromosome variability, observed within the Archipelago, could be explained by a differential male composition during settlement, contrary to the similar female compositions that have been deduced from mtDNA data. As the number of male and female African slaves arriving into the Western group has been determined as similar to other island groups (Lima, unpublished data), as previously mentioned the differential Y-chromosomal composition probably results from the low number of European male settlers, as evidenced by the low frequency of haplogroup R1.
In conclusion, the Y-chromosome distribution in the Azores is similar to the distribution observed in other Western European populations, with no differences being detected relative to samples from mainland Portugal. Better resolution should be obtained by assessing variation within haplogroups, by means of microsatellite analyses (Pacheco et al. in this issue) , although a detailed study of Mainland Portugal is still required, especially for haplogroups R1, E(xE3a), J and I1b2. This analysis of the Y chromosome composition of the Azorean population allowed the detection of particular characteristics that could be related to specific migration events that have occurred since the time of settlement. Furthermore, we have found differences in the NRY variability among the three groups of islands forming the Archipelago. The comparison of the Y-chromosome and mitochondrial Nei's genetic diversity between the groups of islands provided clues about the processes responsible for this differentiation, suggesting a differential male composition at the time of settlement of the three groups of islands. This observation precludes considering the Azores as an unstructured population, and indicates that a representative sampling of each island is required to adequately describe its variability, both for population genetic studies and for forensic purposes.
Overall, the results obtained clearly exemplify the utility of comparing patrilineal and matrilineal variability and support the idea that the Azorean populations may emerge as a model to study the effects that isolation, genetic drift and differential settlement composition may have had in shaping the variability found in present day populations.
